Prolactin-receptor-deficient mice are a good model in which to study the various actions of prolactin. Female homozygous knockout mice are completely infertile and show a lack of mammary development, while hemizogotes are unable to lactate following their first pregnancy. Male and female homozygotes have markedly elevated serum prolactin levels, and in some instances pituitary hyperplasia is present. Maternal behaviour is severely affected in both hemizygous and homozygous animals. Bone formation is reduced in young animals and in adults (males and females). Finally, older males and females show a slight reduction in body weight, which seems to be due to reduced abdominal fat deposition in the knockout animals.
Introduction
Prolactin (PRL) is a hormone secreted by the anterior pituitary gland. It was originally identified by its ability to stimulate the development of the mammary gland and lactation. However, this hormone is present in all vertebrates, and has numerous and varied functions, which we recently ascribed to six broad categories : (i) reproduction and lactation, (ii) growth and development, (iii) endocrinology and metabolism, (iv) brain and behaviour, (v) immunomodulation and (vi) electrolyte balance [l] . It has been observed that, in addition to the pituitary, numerous extrapituitary sources of PRL exist, including the decidua and myometrium, certain cells of the immune system, brain, skin and exocrine glands, such as the mammary, sweat and lacrimal glands [2] . This raises the possibility that PRL can act as a hormone in the circulation, affecting distant sites of action, and as a growth or differentiation factor, via paracrine or autocrine mechanisms.
PRL-binding sites or receptors have been identified in numerous cells and tissues of adult mammals. In fact, it is difficult to find a tissue that has not been reported to contain PRL receptors. In mice and rats, two forms of PRL receptor, generated by alternative splicing of a single gene, have been identified [3] . The short form contains slightly fewer than 300 amino acids, while the long form has identical extracellular and transmembrane domains, but with an extended cytoplasmic region, resulting in an overall length of about 600 amino acids. The expression of the PRL receptor has been shown to vary from tissue to tissue, and in females also as a function of the stage of the oestrous cycle, pregnancy and lactation [4].
Signal transduction pathways
The PRL receptor is a member of the superfamily of cytokine receptors. The first step in the activation of the receptor is ligand-induced dimerization (one molecule of PRL binds to two molecules of receptor) [S] . Although no intrinsic kinase activity is present in the intracellular domain of the PRL receptor, an associated tyrosine kinase of the JAK (Janus kinase) family (JAKZ) has been shown to be activated following dimerization. This activation step involves the tyrosine phosphorylation of JAKZ, which in turn phosphorylates the receptor on tyrosine residues. Signal transducers and activators of transcription (Stat) proteins, which are present in the cytoplasm, migrate to the receptor and bind via SH2 (Src homology 2) domains to the phosphorylated tyrosines. These Stat proteins are in turn phosphorylated by the JAK, and then dissociate from the receptor, dimerize, migrate to the nucleus and bind to specific sequences in the promoters of PRL-induced genes, activating gene transcription. In addition to the JAK/Stat pathway, the mitogen-activated protein kinase (MAP kinase) pathway, Src, phospholipase Cy and Ins( 1,4,5)P, are reported to form part of the signal transduction pathways involved in mediating the actions of PRL [l] .
Phenotypes of knockout mice
Mice carrying a germ-line deletion of the PRL receptor gene were produced by homologous recombination [ 6 ] . Numerous phenotypes have been identified in PRL receptor knockout mice; these are summarized in Table 1 .
Fertility
Homozygous (-/ -) female mice are sterile, due to a complete failure of blastocysts to implant, strongly implicating PRL in the maternal control of this process. Detailed analysis shows multiple reproductive abnormalities in knockout females, including irregular oestrous cycles, immobilization and degeneration of fertilized embryos within the oviduct, and the absence of pseudopregnancy. Pre-implantatory egg development, implantation and decidualization in the mouse appear to be dependent on ovarian rather than uterine PRL receptor expression, since progesterone replacement alone allows the rescue of implantation and early pregnancy, although maintenance of full-term pregnancy is not complete. In fact, the presence of implants releasing constant amounts of progesterone (near to pregnancy levels) is sufficient to permit normal expression of genes associated with implantation in the mouse.
These include those encoding cox-1 , leukaemia inhibitory factor, amphiregulin, hoxa-10 and heparin-binding-epidermal growth factor [7] . However, in progesterone-replaced animals, most fetuses were resorbed after mid pregnancy, suggesting that some other PRL-or placental lactogen-induced system (direct or indirect) may be involved in the maintenance of full-term pregnancy [8] .
Mammary development and lactation
Although PRL has been known to be required for normal mammary development and efficient lactation, no PRL receptor ablation model existed in which to study the importance of the receptor in this system. We were interested in evaluating mammary development and function in hemizygous ( + / -) and homozygous ( -/ -) mice in [15] results in glands with no secondary branching or terminal end bud formation. Recently, a key osteoblast activation factor essential for bone remodelling was reported as a major regulator of lobuloalveolar epithelial development [ 161.
Plasma PRL levels
Circulating levels of PRL are elevated 30-100-fold in PRL-receptor-deficient mice, suggesting a direct neuroendocrine feedback control of PRL [8]. This result is similar to that seen in dopamine D, receptor knockout mice [17] , but is of even greater magnitude.
Maternal and anxiety-related behaviour
Homozygous and heterozygous mutant nulliparous and heterozygous primiparous females exhibit a profound deficit in maternal care when challenged with foster pups, revealing PRL and its receptor as a primary regulator of maternal behaviour [ 181. More recently we have investigated other behaviour. We are finding a sexual dimorphism with regard to context-dependent anxiety, with homozygous male mice exhibiting decreased anxiety-related behaviour. Spontaneous locomotor activity is altered in both sexes.
Bone development
We have observed altered bone development in homozygous mice deficient for the PRL receptor. We first noticed less ossification in calveria of 18.5-day foetuses. In adults, histomorphometric analysis showed that the absence of PRL receptors leads to a 60% decrease in the rate of bone formation and to a 6.5 yo decrease in bone mineral density. Since PRL receptors were identified in osteoblasts and not osteoclasts, these results suggest that some effect of PRL on osteoblasts may be required for the maintenance of normal bone formation and bone mass [19] .
Immune function
Since PRL has been shown to be an immunostimulatory hormone, we decided to evaluate immune function in PRL receptor knockout animals. Somewhat to our surprise, no specific immune phenotype was detected in PRLreceptor-deficient mice. That is, there were no alterations in thymic or splenic cellularity, or in the composition of lymphocyte subsets in primary or secondary lymphoid organs. Lymphocytes from knockout mice proliferated normally in response to mitogens, cytokines and allogeneic cells. Splenocytes from PRL-receptor-deficient mice display normal natural killer (NK)-mediated cytotoxicity. Finally, in vivo studies confirmed that PRL receptor knockout mice are able to generate normal steady-state Ig levels, mount a normal specific Ig response to T antigens, and eliminate injected allogeneic tumour cells and control bacterial infection. These results show that immune system development and function can proceed normally in the absence of PRLmediated signalling, indicating that PRL and its receptor are not essential for immune function [20] . These clear results do not, however, rule out an immunostimulatory role for PRL.
Metabolic effects
We have recently observed that the absence of PRL receptors in knockout mice was accompanied by a small (5-14%) but progressive decrease in body weight in both male and female mice after 16 weeks of age. This reduction in adult PRLreceptor-deficient mice (37 weeks of age) was associated with a 50-60% decrease in abdominal fat mass in both males and females, suggesting potential novel roles for PRL in adipose tissue development and function [21] .
Conclusion
Some of the numerous functions associated with the pituitary hormone prolactin (over 300 reported actions in vivo and in vitro) have been confirmed in prolactin receptor-deficient mice. It is clear that prolactin has profound effects on reproduction, hypothalamic regulation of prolactin secretion, mammary development and lactation, maternal behaviour, bone formation and fat metabolism. In the future it will be interesting to evaluate further actions of this multifunctional hormone using this mouse model system.
Introduction
In the adult, the pituitary hormones prolactin (PRL) and growth hormone (GH) have classically been associated with many physiological processes, including reproduction, growth, lactation and metabolism. However, more recently, studies of mice with genetic deletions of these ligands or their receptors, supported by analysis of receptor expression, have revealed a role for this family of hormones in fetal development as well [l-31.
During pregnancy, PRL/GH activity in the fetus may be derived not only from the developing fetal pituitary, but also from the products of placentally expressed genes derived from further duplications of the ancestral G H and PRL genes [4]. These proteins share structural features with the pituitary hormones, as well as similar chromosomal genes. In primates, these genes are closely linked to GH, and encode very similar proteins. In contrast, the related placentally expressed genes in rodents and ruminants are more closely related to PRL, and have been shown to be syntenic with PRL in the mouse and cow [5,6]. These genes have diverged much more from the respective pituitary hormone than those in primates. As part of an effort to understand the action of this family of hormones during pregnancy across species, we have examined the cow as a model system.
